The chemotypes found in various plant species are the good subjects for the studies to understand the regulatory mechanism in secondary metabolism. The biochemistry and molecular biology of flavonoid biosynthesis was studied using chemotypes of Perilla frutescens var. crispa differing anthocyanin accumulation. The expression of the most of structural genes for anthocyanin biosynthesis was coordinately regulated in chemotype-specific manner and by light. However, the genes for shared enzymes between anthocyanin and flavone pathway were expressed both chemotypes. Biochemical characteristics of enzymes involved in anthocyanin biosynthesis were investigated in this plant. Furthermore, the candidates of regulatory factors, members of MYB-bHLH-WD complex, of anthocyanin production were characterized in this plant.
Perilla frutescens has been used as a popular culinary herb in East because of its aroma of the essential oil and used as a Chinese crude drug. Recently, various effects such as antimicrobial activity, effects on the central nervous system, promotion of intestinal propulsion and antitumor activity were examined using perilla leaves. In the cultivated perilla plants, variation in leaf color and essential oil composition is observed as chemotypes [1] . The red leaves of P. frutescens var. crispa are used as a dye for coloring pickled vegetables and the green leaves are used as a relish or a garnish like basil leaves in Japan. The anthocyanin contents differ remarkably in the red leafed and green leafed forms. In the pigmented leaf of red form, anthocyanin pigments, mainly malonylshisonin (Figure 1 ), are highly accumulated although only trace amount of anthocyanins are accumulated in the green form [2] . Genetic study on the pigment formation in these chemotypes showed that three independent loci promote the anthocyanin production in different parts of plants [3] . Gene A is responsible for the pigmentation in both leaf and stem. Another dominant gene K in the presence of A is required for the pigmentation in both upper and lower epidermis of leaf. Gene B promotes the pigmentation only in stem. The genetic control between red and green forms is thought to be specific in anthocyanin production because there was no remarkable difference in contents and patterns of other metabolites such as flavones and primary metabolites [2] . To understand the chemotype-specific control of anthocyanin production at molecular level, structural genes and regulatory genes were cloned and characterized in P. frutescens var. crispa.
Transcriptional regulation of structural genes involved in biosynthesis and transport of anthocyanin in chemotypes:
The series of catalytic enzymes, chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3hydroxylase (F3H), flavonoid 3'-hydroxylase (F3'H), dihydroflavonol 4-reductase (DFR), anthocyanidin synthase (ANS), UDP-glucose: flavonoid 3-Oglucosyltransferase (3-GT), UDP-glucose: anthocyanin 5-O-glucosyltransferase (5-GT), anthocyanin acyltransferase (AAT) and Malonyl-CoA: anthocyanin malonyltransferase (MAT) are involved in the biosynthetic pathway of malonylshisonin, main anthocyanin in P. frutescens var. crispa (Figure 2 ). Additionally, as in the other plant species, a GST homologue is required for the sequestration of anthocyanin produced in cytoplasm into vacuole. For the molecular genetic study on the regulation of the structural genes, the cDNAs were isolated and sequenced ( Table 1 ). The cDNA clones encoding CHS, F3H, F3'H, DFR, 3-GT, AAT were isolated from the cDNA libraries derived from the leaves of a red form perilla by screening using partial cDNA fragments amplified by polymerase chain reaction (PCR) and heterologous cDNA as probes [4] [5] [6] . The cDNAs encoding ANS, 5-GT, CHI and a GST homologue [7] [8] [9] were isolated as red form specific genes by using non-target gene profiling techniques, mRNA differential display or PCR-select cDNA subtraction. The cDNA encoding MAT was isolated by Suzuki et al. by using the information of partial amino acid sequence of purified protein from Salvia splendens [10] Southern blot analysis for these structural genes indicated that each gene comprises a small multi-gene family. More than three copies of the CHS gene are present, two copies of the other genes being present. Any restriction fragment length polymorphism was not observed between red and green forms. The northern hybridization or semiquantitative RT-PCR of these structural genes showed that all of these structural genes except for CHS gene were expressed only in pigmented leaves of the red form but not in green form leaves. The CHS gene was expressed in both red and green leaves, but 10-fold more in red leaves than in green leaves. The accumulation levels of anthocyanin and mRNAs of these structural genes are decreased even in red form leaves if they are cultivated under weak-light conditions. The irradiation of high-intensity white light Table 1 : Gene expression of the structural genes in chemotypes of P. frutescens var. crispa.
Structural genes Expression in red/green forms

Methods of cDNA isolation
Reference Catalytic enzymes CHS ++ / + a
[10] ++, strongly expressed; +, expressed; -, not expressed; a, probe hybridization or PCR using heterologous sequence; b, mRNA differential display; c, PCRselect cDNA subtraction.; d, from partial sequence of purified protein.
induced the accumulation of transcripts of them coordinately. Besides these structural genes, genes for flavone synthase II (FSII) witch involved in flavanone biosynthesis from naringenin (flavanone) expressed equally both in red and green forms [5] . These results suggested that the expression of structural genes of anthocyanin production was coordinately regulated in a form-specific manner by small number of regulatory factors.
Isolation of genes and biochemical characterization of encoded proteins:
Catalytic function of anthocyanidin synthase (ANS) as a 2-oxoglutarate-dependent oxygenase in the reaction from the colorless leucoanthocyanidins to the colored anthocyanidins was firstly confirmed by using recombinant protein of perilla ANS expressed in E. coli [7] . The formation of anthocyanidins from leucoanthocyanidins by the ANS-catalyzed reaction was detected in the presence of ferrous ion, 2-oxoglutarate and ascorbate, being followed by acidification. Equimolar stoichiometry was confirmed for anthocyanidin formation and liberation of CO 2 from 2-oxoglutarate. Furthermore, the reaction mechanism from leucoanthocyanidin to anthocyanidin 3glucoside was studied by using recombinant ANS and 3-GT of various plant species [11, 12] . This reaction sequence did not require any additional dehydratase but was dependent on moderate acidic pH condition as in vacuole following the cytosolic enzymatic reactions. ANS is closely related to flavonol synthase (FLS) and flavanone 3β-hydroxylase (FHT) in their amino acid sequence. All of them belong to the family of 2-oxoglutarate-dependent oxygenase catalyzing oxidation of the flavonoid C-ring and their substrate and product selectivities are overlapped [13] . The results of mechanistic studies on ANS reaction by quantum mechanical calculation suggested that ANS catalyze the oxidation both the C-3 and C-4 positions of leucocyanidin, although C-4 oxidation is preferable and that ANS function for the oxidation of C-3, a key reaction for coloring of anthocyanin, might be a side reaction developed evolutionally from FLS with the cooperative reaction by glucosyltransferase [14] .
Modification of flavonoid molecules, such as glycosylation and acylation, affects on the chemical character of metabolites. UDP-glucose: anthocyanin 5-Oglucosyltransferase (5-GT) is responsible for the modification of anthocyanins to more stable molecules in complexes for co-pigmentation, resulting in a purple hue. However, 5-GT gene had not isolated by screening using heterologous probes or sequences information because of low sequence homology with other glucosyltransferases such as 3-GTs. The cDNA encoding 5-GT was firstly isolated from the profiled genes specifically expressed in red perilla by mRNA differential display applied to anthocyanin chemotypes [8] . By using this cDNA as the probe, a homologous cDNA clones from Verbena hybrida [8] and from Petunia hybrida [15] were isolated and characterized. These cDNAs were expressed in Saccharomyces cerevisiae cells. The recombinant proteins in the yeast extracts catalyzed the conversion of anthocyanidin 3-O-glucosides into the corresponding anthocyanidin 3,5-di-O-glucosides using UDP-glucose as a cofactor, indicating the identity of the cDNAs encoding 5-GT. This results suggests that non-target profiling of chemotype-specific genes is powerful tool for the isolation of new genes with poor sequence information.
Chemotype-specific cDNAs were further profiled by PCRselect cDNA subtraction between leaves of red and green perilla [9] . One hundred and twenty cDNA fragments were selected as the clones preferentially expressed in reddish purple form over the green form. About half of them were the cDNAs encoding the proteins related presumably to phenylpropanoid-derived metabolism. The most of structural genes, except for 5-GT, specifically expressed in red form were obtained by this method ( Table 1) . The cDNAs encoding a homologue of glutathione S-transferase (GST), PfGST1, and chalcone isomerase (CHI), PfCHI1, were characterized. The expression of PfGST1 in tt19 mutant of Arabidopsis thaliana lacking a GST-homologue gene involved in vacuole transport of anthocyanin and proanthocyanidin rescued the anthocyanin accumulation in vegetative tissues but did not proanthocyanidin accumulation in seed coat. This result indicated that PfGST1 is required in vacuolar sequestration of anthocyanin as TT19, however it has different function from TT19 in proanthocyanidin transport.
Transcriptional factors involved in the regulation of chemotype specific anthocyanin production:
In several higher plants to date, it has been revealed that the biosyntheses of anthocyanin and proanthocyanidin are regulated by a set of transcription factors including Myb, basic helix-loop-helix (bHLH) and WD40-repeat (WDR) proteins [16] . These transcription factors form ternary Myb-bHLH-WDR (MBW) complex. Also in perilla, the genes for Myb, bHLH and WDR members were cloned and characterized to clarify the role of transcription factors in chemotype-specific regulation ( Table 2) .
Myb-related gene expressing differentially in red and green forms were screened and two genes, Myb-P1 and Myb-C05, were isolated [17, 18] . The expression of Myb-P1 was 10-fold abundant in leaf of red form than in green form. The Myb-C05 gene was expressed only in red form. The expression of both genes was remarkably induced by light as the structural genes. MYB-P1 has only one DNAbinding region (repeat 3) and belongs to R3-MYB family. Amino acid sequence of Myb-C05 showed moderate homology with those of PAP1 and TT2 in Arabidopsis thaliana and interacted with two perilla bHLH proteins, MYC-RP and MYC-F3G1 described later. The ectopic expression of these Myb genes in heterologous plants did not affect on the anthocyanin production.
A constitutive expressed Myc-like gene, Myc-rp, was isolated by library screening with Delila from snapdragon as a probe. This gene expressed in both red and green forms. An amino acid substitution was found in the allele in green form (Myc-gp). The heterologous expression of these two alleles in tobacco and tomato resulted in enhancement of anthocyanin production in petal of transgenic tobacco and in vegetative tissue and petal of tomato [19] . MYC-RP and MYC-GP showed weak binding and transactivation activity to DFR promoter in yeast one hybrid assay. The amino acid substitution in MYC-GP did not affected on binding and transactivation activity and no functional difference was observed between MYC-RP and MYC-GP [20] . MYC-RP interacted with both MYB-C05 and PFWD. Myc-F3G1 was profiled in mRNA differential display [21] . Myc-F3G1 expression was higher in red form than in green form and induced by light. The ectopic expression of MYC-F3G1 protein did not affect on anthocyanin production in arabidopsis. However, it interacted with DFR promoter, MYB-CO5 and PFWD.
A cDNA (Pfwd) encoding a homologue protein of known WDR proteins, petunia AN11 and arabidopsis TTG1, was cloned from red leafed perilla [22] . The N-terminal part contains one of basic residues similar to nuclear localization signal. The C-terminal part encodes a region containing WD (tryptophan and aspartic acid) repeat. RNA gel blot analysis showed that Pfwd gene is expressed in leaves and roots of both red and green perilla. The fusion protein of PFWD and bacterial β-glucuronidase was localized in the cytosol in epidermal cells of onion bulbs. However, coexpression of PFWD with MYC-RP resulted in nuclear localization of PFWD. The ectopic expression of Pfwd caused enhancement of anthocyanin production in arabidopsis. In yeast two-hybrid assay, PFWD interacted with both of MYC-RP and MYC-F3G1. So, PFWD is supposed to regulate the nuclear localization of these MYC proteins.
From these results, it was suggested that MYB-C05, MYC-F3G1 and PFWD form MBW complex, as TT2(PAP1)-TT8-TTG1 complex in arabidopsis, and promote the anthocyanin production in the red form [22] a) ++, strongly expressed; +, expressed; -, not expressed; b) +, the binding was detected by one-hybrid assay ; -, the binding was not detected.; c) The name of the interacted proteins determined by two hybrid assay were shown; -, interaction was not detected. perilla. MYB-C05, MYC-RP and PFWD also form MBW complex as TT2-GL3/EGL3-TTG1 complex. In arabidopsis, MBW complexes of different combination of MYB and bHLH regulate the biosynthesis of anthocyanin and proanthocyanidin separately [23] . However, MYB-C05 (orthologue of TT2 and PAP1) could interact with both MYC-RP (GL3/EGL3 orthologue) and MYC-F3G1 (TT8 orthologue) and it was suggested that the function of Myb has not been differentiated for the biosynthesis of anthocyanin and proanthocyanidin in perilla. The weak binding activity of MYC-RP to DFR promoter suggested that MYC-RP is involved in the regulation of other genes than DFR gene in anthocyanin biosynthesis. In arabidopsis, a R3-MYB, AtMYBL2 acts as a negative regulator of anthocyanin biosynthesis [24, 25] . It binds to bHLH protein and inactivate MBW complex without binding to promoter. Whereas perilla R3-MYB, MYB-P1, bound to DFR promoter but not to bHLHs. MYB-P1 might be another type of repressor of anthocyanin production in P. frutescens var. crispa.
Using chemotypes of P. frutescens var. crispa, the complicated regulatory mechanism in anthocyanin biosynthesis has been revealed. Interestingly, there are many different points among plant species showing biological diversity maybe occurred in evolution.
